Chediak-Higashi Syndrome (CHS) is an autosomal recessive disease affecting secretory granules and lysosome-like organelles . In CHS fibroblasts, acidic organelles are abnormally large and clustered in the perinuclear area. We have analyzed fibroblast cell lines from a CHS patient and from the murine model for CHS, the beige mouse, to determine which lysosome-like compartments are affected. Uptake of neutral red showed that in both beige and CHS cell lines, the acidic organelles were markedly clustered in the perinuclear region of the cells . Giant organelles (>4 gm) were observed in a fraction of the cells, and these were more dramatic in the beige fibroblasts than in the CHS fibroblasts. The total dye uptake of both mutant cell lines was similar to their respective wild type fibroblasts, suggesting that the overall volume of acidic compartments is unaffected by the disorder. Histochemistry and immunofluorescence showed that the giant organelles in both beige and CHS fibroblasts were positive for cathepsin D, lysosome-associated membrane protein (LAMP) 1, LAMP 2, and a 120-kD lysosomal glycoprotein, all marker proteins for late endosomes and lysosomes . The giant organelles were also negative for transferrin receptor and mannose-6-phosphate receptor, and most of them were also negative for rab 7 . This distribution of marker proteins shows that the giant organelles in both beige and CHS are derived from late compartments of the endocytic pathway. This conclusion was confirmed using endocytic tracers . BSA was transported to the giant organelles, but only after long incubation times, and only at 37°C. ate-Macroglobulin was taken up and degraded at similar rates by CHS or beige cells and their respective wild type control cells. Taken together, our results indicate that the mutation in CHS specifically affects late endosomes and lysosomes, with little or no effect on early endosomes. Although the mutation clearly causes mislocalization of these organelles, it appears to have little effect on their endocytic and degradative functions.
C hediak-Higashi Syndrome (CHS)l is a rare autosomal recessive disorder in humans, affecting multiple cell lineages and commonly classified as a lysosomal abnormality (1) . Analogous disorders have been identified in a variety of species (2-4), the best studied of which is the beige mouse (5, 6) . CHS patients suffer from dilution of skin pigmentation, severe recurrent infections, lymphoproliferative disorder and progressive peripheral neuropathy, reflecting the range of affected cells (7) . Many of the clinical manifestations can be attributed to abnormalities in leukocyte function, and several hemopoietic lineages, including neutrophils and cytolytic lym-1 Abbreviations used in this paper. CD-MPR, cation-dependent (46 kD) mannose-6-phosphate receptor ; CHS, Chediak-Higashi syndrome ; CI-MPR, cation-independent (300 kD) mannose-6-phosphate receptor; DTAF, dichlorotirazinylamino-fluorescein; LAMP, lysosome-associated membrane protein; lgp-120, 120-kD lysosomal glycoprotein; a2M, a2-macroglobulin ; NM1, normal mouse 1 .
phocytes, have been shown to be functionally defective in CHS and in beige (8) (9) (10) (11) (12) (13) .
At the cellular level CHS is characterized by the presence of giant organelles . There is, however, considerable diversity and tissue specificity in the nature of these giant organelles ; secretory organelles are enlarged in some cell types while endocytic organelles are affected in others (6, 8, 12) . Neutrophils, platelets, eosinophils, mast cells, and cytolytic lymphocytes from CHS patients, all cells that normally engage in regulated secretion, contain massive secretory granules. In each case, the enlarged secretory granule retains its characteristic ultrastructure and protein composition . In nonsecretory cell types, such as monocytes and fibroblasts, the enlarged organelles are lysosome-like. Thus, the histological classification of CHS betrays a complex range of affected cellular organelles. ever, it has become apparent that the "lysosomotropic" dyes that stain the giant organelles, such as neutral red and acridine orange, are not exclusive markers for lysosomes. It is now known that coated and uncoated vesicles, early endosomes, late endosomes, and lysosomes are all acidified to varying degrees and therefore all can accumulate these dyes (14) . Similarly, acid phosphatase, a "lysosomal marker" found in the giant organelles, is known to have a broader intracellular distribution (15, 16) .
Recent work on the endorytic pathway has resulted in the characterization of several marker proteins that distinguish more definitively among distinct endocytic compartments. Several membrane spanning proteins are now known to reside in some but not all of the endorytic compartments. The transferrin receptor cycles between the plasma membrane and early endosomes (17) ; the cation-independent and cationdependent mannose-6-phosphate receptors (CI-and CD-MPR) are found in late endosomes but not in mature lysosomes (18) , whereas the lysosome-associated membrane proteins (LAMPs) and 120-kD lysosomal glycoprotein (Igp-120) (19, 20) reside in both late endosomes and lysosomes . Much has also been learned about how both soluble lysosomal enzymes and membrane-spanning glycoproteins are targeted to lysosomes, and conditions have been defined that block movement between endocytic compartments (21, 22) . Finally, small GTP binding proteins from the rab family have been shown to be involved in vesicle fusion along the endocytic pathway and to interact specifically with distinct endocytic compartments (23) . In light of all this new information, it was interesting to ask more precisely whether the CHS and beige mutations affect a defined endocytic compartment, and if so, whether the same compartment is affected in both humans and mice.
Recent clinical advances in treating CHS patients center around bone marrow transplantation, replacing only hemopoietic cells. As survival times of patients increase, understanding the effects of the CHS defect on other cells will be important for predicting and treating abnormalities in other tissues . Therefore, in this study we focused on defining the defect in fibroblasts . By better understanding which endocytic compartments are affected in these cells, we seek to develop a unifying explanation for the effects of the disease on endocytic organelles and secretory granules in various cell types.
Materials and Methods
Cells. GM02075A is a skin fibroblast cell line, derived from an 18-mo-old female with clinical symptoms of Chediak-Higashi Syndrome, and was obtained from the Human Genetic Mutant Cell Repository (Camden, NJ) . The human control skin fibroblast line, CCD-45Sk, was derived from a 3-mo-old female, and obtained from the American Type Culture Center (Rockville, MD). The beige and normal mouse (NMI) lines were derived from C57BL/6J-BgJ and C57BL/6J mice, respectively (24), a generous gift of Dr. T Lyerla (Clark University, Worcester, MA). CCD-45Sk and GM02075A were maintained in Dulbecco's minimal essential medium supplemented with nonessential amino acids and 10-15% FCS (both from JRH Biosciences, Lenexa, KS), while the murine lines were maintained inDulbecco's minimal essential medium supplemented with 5% FCS. Immunofluorescence studies were performed as described previously (25) . Briefly, cells grown on coverslips were fixed with 2% paraformaldehyde/PBS, quenched with 50 mM NH4C1/PBS and permeabilized with PBS/0.01% saponin/0 .25% gelatin (PSG) . Coverslips were incubated for 1 h with primary antibodies diluted appropriately in PSG, washed six times with PSG, incubated 1 h with secondary antibody, and washed six times . Localization of rab proteins was performed essentially as described in (23) . Cells were permeabilized before fixation by a 5-min incubation with 0 .03% saponin/80 mM Pipes, pH 7 .2/1 mM MgCIZ/5 mM EGTA, and then fixed with 2% paraformaldehyde in PBS. Coverslips were mounted in 10% glycerol/PBS/2 .5% diazabicyclo-(2,2,2)octane, and observed using an Axiovert microscope (Zeiss, Oberkochen, Germany) with a MRC-600 laser confocal attachment (Bio-Rad Inc., Richmond, CA) . Acid phosphatase cytochemistry was performed using the Sigma (St . Louis, MO) kit according to the manufacturer's instructions, and visualized using brightfield optics.
Uptake Studies. For neutral red staining, cells grown on coverslips were incubated for 30 min with 20-200 P,M neutral red in PBS, washed three times rapidly in PBS, mounted in PBS, and observed under phase contrast. For quantitation of neutral red uptake, the cells were lysed in 1% Triton X-100/0 .1 M HCl (26) and the amount of dye was determined spectrophotometrically.
For fluorescence uptake studies, BSA was conjugated to dichlorotriazinylamino-fluorescein (DTAF) . The molar ratio of DTAF-BSA in the conjugate was 5-6 :1. Cells were incubated with 5 mg/ml DTAF-BSA in complete medium for various times at 20°C or 37°C, fixed, and either viewed directly, or processed as described above for double-label immunofluorescence .
Electron Microscopy. BSA was conjugated to 12 urn gold particles (27) , and fed to cells for various times at 37°C. The cells were fixed on the Petri dish with 2% glutaraldehyde/0.15 M sodium cacodylate, pH 7 .4, 1 mM CaC1 2 , scraped, and processed for electron microscopy as described previously (28) , except that no staining was done after sectioning.
Immunoblots . Cells were washed three times with balanced salt solution and then lysed with buffer containing 1% NP-40 (25) . Nuclei were pelleted and the postnuclear supernatants were subjected to SDS-PAGE. After electrophoresis, the total cellular proteins were transferred onto a nitrocellulose membrane (Amersham Corp., Arlington Heights, IL) using a Hoefer apparatus and probed Mutation in Beige CHS Affects Late Endosomes and Lysosomes with antibodies as described previously (29) . The anti-human LAMP1/2 antibody was used at 1:500 dilution and developed using "'I-protein A (Amersham Corp.).
Uptake and Degradation of arMacroglobulin. Purified «2-macroglobulin (a2M) was a generous gift of Drs. G. Salveson and J. Enghild (from the Dept . of Pathology, Duke University, Durham, NC) . The protein was treated with methylamine as in (30) to convert it to the receptor-binding form, iodinated with the IodoBead reagent (Pierce, Rockford, IL), and repurified by gel filtration. The sp act was 9,000 cpm/ng . Binding of 1211-a?1vi to the cells was completely inhibited by 100x excess of unlabeled azM . The uptake studies were performed using the method of Maxfield et al. (31) . Duplicate 35-mm plates of cells (grown to subconfluency) were deprived of serum for 1 h, allowed to bind 121 1-a2M at 4°C for 1 h, washed at 4°C and then incubated for various times at either 4°C, 20°C, or 37°C. At the end of each time point, medium and cells were separated, the cells were washed three times with cold buffer, and then lysed with 0 .5% NP-40 in PBS. The TCA soluble and precipitable cpm in each sample were then determined, to calculate the extent of a2M degradation .
Results
Acidic Organelles Are Abnormally Distributed. The structural abnormality in beige cells and in CHS cells is commonly detected by visualizing the uptake ofthe dye neutral red, which accumulates in acidic intracellular compartments. As shown in Fig. 1 B, uptake of neutral red by fibroblasts from a mouse homozygous for the beige mutation reveals a pattern that is quite different from that observed with normal mouse fibroblasts. First, in comparison with normal fibroblasts, where a significant number of neutral red-positive organelles are scattered throughout the periphery (Fig. 1 A) , the neutral-red positive organelles in beige cells are much more clustered in the perinuclear region and are almost completely excluded from peripheral extensions ( Fig. 1 B, arrowheads) . Second, there is a dramatic variation in size of the neutral red-positive 1847 Burkhardt et al.
vesicles in beige fibroblasts. In addition to the normal-sized structures, several giant organelles (3-4 jAm in diameter) can be found in many cells . In normal fibroblasts the size distribution of the neutral red-positive vesicles is much narrower, and giant ones are seen only very rarely. Though the appearance of the giant vesicles is the most dramatic aspect of the beige phenotype, there is considerable cell-to-cell variation in the number and size of the giant organelles. Furthermore, we noticed that after prolonged incubation with neutral red the size of the giant organelles increases. The perinuclear clustering of all the neutral red-positive structures seems to be a more consistent aspect of the beige phenotype (e.g., 2, 6).
A similar phenotype is displayed by fibroblasts derived from a CHS-patient (Fig. 1 D) . By comparison with a matched line of normal human fibroblasts ( Fig. 1 C) , the neutral red-positive vesicles in the CHS fibroblasts are strongly concentrated near the nucleus, and are virtually excluded from peripheral extensions of the cell (Fig. 1 D, arrowheads) . In addition, the average size of the acidic organelles is larger than in the control cells. At least in the fibroblast line used in this study, the appearance of exceptionally large organelles ( It is clear from the distribution of neutral red in the beige and CHS cells that both mutations result in the formation ofacidic organelles that are fewer in number and larger than normal . We therefore compared the total cellular uptake of neutral red in the two mutant cell lines with that of their matched control lines. Cells that had been incubated with neutral red for 30 min were washed briefly, lysed in acidic detergent solution (26) , and their dye content measured spectrophotometrically. The total dye uptake by CHS and beige cells was remarkably similar to that of their respective control cell lines (Table 1 ) . The total uptake of neutral red should " Uptake studies were performed with either 20 or 200 uM input neutral red . OD measurements were normalized to the lower input values, since both concentrations were found to be in the linear range of uptake . be proportional to the product of the total volume of acidic compartments accessible to the dye and the acidity of those compartments. In T lymphocytes, where we have used the DAMP method (32) to determine the pH of individual lysosomes and endosomes, the beige mutation showed no effect on the pH of either organelle (Hester, S ., J . Burkhardt and Y Argon, unpublished data) . Assuming that the same is true in beige and CHS fibroblasts, we surmise that the comparable uptake of neutral red by the fibroblasts reflects comparable overall volumes of the endosomal/lysosomal compartments. Taken together, the results with neutral red show that the acidic compartments in beige and CHS fibroblasts are normal in pH and volume, but abnormal in their intracellular distribution . The Giant Organelles Contain Markersfor Late Endocytic Compartments. Since neutral red is taken up by many acidic orMutation in Beige CHS Affects Late Endosomes and Lysosomes Figure 2 . Distribution of lysosomal and endosomal marker proteins in beige cells. Acid phosphatase (AcP) was detected histochemically and observed using bright field optics. Cathepsin D (CatD), (LGP-120), and the cation-independent mannose-6-phosphatase receptor (MPR) were detected by confocal immunofluorescence microscopy, as described in Materials and Methods. ganelles, we used specific marker proteins to determine more precisely which compartments are affected in the beige and CHS fibroblasts . Acid phosphatase, a hydrolase present in lysosomes and in endosomes, was detected histochemically (Fig.  2, A and B) . Most of the acid phosphatase-positive vesicles were tightly clustered in the perinuclear region in beige cells, whereas in normal fibroblasts they could be seen in peripheral processes . In the beige cells, numerous giant organelles were acid phosphatase positive. Similar staining of clustered organelles was obtained in the CHS fibroblasts (Fig. 3 B) as compared with control human cells (Fig. 3 A) . Cathepsin D, an endosomel/lysosomal hydrolase, which unlike acid phosphatase (16) bears the mannose-6-phosphate lysosomal targeting signal, was localized by confocal immunofluorescence microscopy. Although the anti-cathepsin D antibody labeled small peripheral structures in addition to the giant organelles, it was clear that the compartment affected by beige and CHS contains this hydrolase (Figs . 2, C-D, and 3, C-D) .
Because these hydrolases reside in both endosomes and lyso-184 9 Burkhardt et al.
somes, we examined the distribution of membrane glycoproteins that have been used to distinguish between endosomes and lysosomes (33) . The cation-independent mannose-6-phosphatase receptor (CI-MPR) is present in early and late endosomes, but is absent from mature lysosomes (18) . In contrast, members of the LAMP family of lysosomal glycoproteins, including LAMP1/lgp120 and LAMP2, are present in late endosomes and lysosomes but absent from early endosomes (19, 20, 34) . As shown in Figs . 2 F and 3 F, the giant vesicles were LAMP-positive in both CHS and beige fibroblasts. Importantly, in both mutants the giant vesicles were negative for CI-MPR (Figs. 2, G-H and 3, G-H) . Indeed, they sometimes appeared as "negatively stained" structures, made visible by the surrounding MPR-positive endosomes (Fig. 2 H, arrowheads) . These results were confirmed using four independent antibodies to the LAMP family of proteins, and three separate anti-CI-MPR antibodies (not shown) .
The distribution of two small GTP binding proteins was also examined as a means of identifying the defective com- (35, 36, 23) . When the distribution of these proteins was examined in the beige and CHS fibroblasts, anti-rab 5 antibody did not stain the giant perinuclear organelles (data not shown) . In contrast, anti-rab 7 antibody did label some giant organelles, as well as other smaller structures (Fig. 4) . When double label immunofluorescence was performed on normal mouse cells, the distribution of rab 7 (Fig . 4 B) was a subset of the distribution of LAMP-1 (Fig. 4 A) . This is in keeping with the late endosomal localization of rab 7 in other cell types (35, 36, 23) . In beige cells, some of the large LAMP-positive structures were positive for rab 7 (Fig. 4, C-D, arrow) , whereas most were negative (Fig. 4, C-D, arrowheads) . Single labeling of the human cells with anti-rab 7 revealed occasional giant organelles and a clustered distribution in the CHS cells (Fig.  4 F) relative to wild type controls (Fig. 4 E) .
Finally, we tested the distribution of the transferrin receptor as another criterion to distinguish between early and late endosomes. Anti-transferrin receptor antibody gave a fine punctate labeling pattern on all the cells tested . The giant organelles were consistently negative for this marker of early endosomes (data not shown) .
The presence of the hydrolases and lysosomal membrane proteins in the giant organelles indicates that these structures derive from late endosomal or lysosomal compartments . The markers that usually distinguish late endosomes from lyso-1850 Mutation in Beige CHS Affects Late Endosomes and Lysosomes somes, MPR, and rab 7, give somewhat conflicting results . The absence of CI-MPR from the giant organelles defines them as mature lysosomes, but the presence of rab 7 on at least some giant organelles marks these as more similar to the late endosomal compartment .
The CHS Mutation Does Not Affect the Total Amount of LAMP Family Proteins. The marker analysis showed that the LAMP glycoproteins were the best markers for the clustered giant organelles in both CHS and beige cells. The staining with these antibodies was almost completely restricted to the affected compartment . The fluorescence intensity was very strong in the mutant cells with each of the anti-LAMP antibodies tested, raising the possibility that these proteins are overexpressed in beige and CHS cells. Western blot analysis was performed to test this possibility. Lysates were prepared from CHS and control cells, and equivalent amounts of lysate were compared by SDS-PAGE and immuno-blotting with a rabbit serum that recognizes LAMPs 1 and 2 in human cells (20) . Similar levels of LAMP glycoproteins were detected in CHS and control cell lines (Fig. 5) . Therefore, the apparent increase in immunofluorescence intensity with antibodies to LAMP family proteins must be due to concentration of these proteins in the perinuclear region and the increased size of the organelles, but not due to overexpression of these proteins.
The Giant Organelles Function As Late Endocytic Compartments. Are the defective lysosomes/late endosomes still capable of receiving endocytosed material, or are they off pathway aberrant structures? To address this question, beige cells were incubated with DTAF-conjugated BSA for 3 h at 37°C, chased overnight to load the lysosomal compartment (37) , and then fixed and counter-labeled with anti-1gp120 to mark the giant organelles. When viewed by confocal microscopy, the DTAF-BSA had accumulated in various-sized vesicles, including giant perinuclear structures (Fig. 6 A) that were rimmed with 1gp120 (Fig. 6 B) . DTAF-BSA could be detected in the giant organelles after 2 .5 h of continuous uptake, but the intensity of fluorescence increased with longer incubation times, up to 6 h of uptake or more. This finding was verified by electron microscopy of BSA-colloidal gold uptake by beige cells (Fig. 7) . After 20 min of uptake at 37°C, BSAgold particles were found in small (<0 .4 jm in diameter) endosomal vesicles, both in the cell periphery and in the perinuclear region (not shown) . After 4 h of continuous uptake, some BSA-gold particles were still located in these small early endosomes (Fig. 7 , arrow) while others had reached the giant perinuclear bodies (up to 4 p,m in diameter; Fig .  7 ). These pleiomorphic organelles contained membranous whorls and other material, and their structure was consistent with that reported by others (1, 38, 39) . BSA-gold first appeared in these giant organelles between 60 and 120 min of uptake, consistent with transport to late endosomes and lysosomes. Incubation at 20°C has been shown to block transport of internalized material from early endosomes into late endosomes and lysosomes (22) . When beige and CHS fibroblasts were incubated with DTAF-BSA at 20°C instead of 37°C, the tracer did not reach the giant organelles . Instead, the DTAF-BSA remained in smaller, more dispersed structures (Fig . 8) . By this operational criterion the giant organelles function as late endocytic compartments. The distribution of DTAF-BSA at 20°C was the same as in the wild type control cells (not shown), indicating that there are no gross functional abnormalities in early endosomes of CHS and beige cells.
Taken together, these studies show that the giant clustered organelles in beige and CHS cells are still active in endocytic traffic of exogenous ligands, and are therefore on-pathway structures. Traffic to the affected compartment is somewhat slowed, but overall, it has the properties expected for traffic to late endosomes and lysosomes .
The Mutant Cells Take Up andDegrade an Exogenous Ligand Normally. To quantify the receptor-mediated uptake and degradation of an exogenous ligand in the CHS and beige cells we used iodinated a2-macroglobulin (cx2M) . This serum protein binds, in a complex with proteases, to a surface receptor present on fibroblasts, and their endocytic route has been studied extensively (31) . '2 I-a2M was bound to the cells at 4°C and then chased at 37°C for various times. As compared with their normal counterparts, CHS and beige cells bound similar amounts of a2M and internalized similar amounts over a 4-h time course (data not shown) . a2M degradation was measured as the appearance of TCA soluble counts in both the cell lysates and the media . Both beige and CHS cells were capable of degrading the internalized a2M, with neither mutant showing dramatic defects in comparison to its matched control line (Fig. 9 A) . Within individual experiments, a small decrease in the extent of a2M degradation was consistently observed in the beige cells, but this difference was small relative to the variation among experiments . To determine what portion of the measured degradation occurred in early and late endorytic compartments, cells were allowed to internalize bound a2M for 3 h at either 20°C or 37°C . In both mutant and control cell lines, degradation was blocked at 20"C (Fig. 9 B) , indicating the requirement for transport to late endorytic compartments, presumably including the giant organelles.
Discussion
One main finding of this study is that the abnormally enlarged vesicles commonly observed in fibroblasts from both beige mice and human patients with CHS are derived from the late organelles of the endocytic pathway: mature secon lysosomes and late endosomes. Previous reports had described the giant structures as "lysosomes" because they take up neutral red and endorytic tracers and contain acid phosphatase (e.g., [6, 8] ), or because they lack specific lysosomal enzymes (39a) . However, these criteria do not distinguish among the various compartments along the endocytic pathway. In this study we used more precise markers and functional criteria to show that the giant organelles are late endorytic compartments.
It is clear from our studies that early endosomal compartments are not affected in either CHS or beige. First, transferrin receptor and rab 5, proteins found on the plasma membrane and early endosomes, are not found on the giant organelles . CI-MPR, which marks the same early endosomes 1852 Mutation in Beige CHS Affects Late Endosomes and Lysosomes as well as later endosomes, is also missing from the defective organelles. Second, DTAF-BSA does not appear in abnormally large structures until late times of uptake, and at 20°C, where movement between early and late endosomes is blocked, the transfer of BSA to the giant organelles is blocked . Marker analysis and functional studies both indicate that the defects in CHS and beige are in late endorytic compartments. The giant organelles contain acid phosphatase and cathepsin D, hydrolases which are targeted by independent mechanisms to late endosomes and lysosomes (16) . In addition, the defective compartment contains much of the cells' lysosomal membrane glycoproteins (LAMPl/lgp-120 and LAMP2) . These glycoproteins are present in both late endosomes and mature lysosomes, but are not present to any appreciable extent in earlier endocytic compartments (40, 19, 20, 34) . The properties of tracer uptake are also characteristic of late endocytic compartments. The kinetics of uptake into the giant organelles and the sensitivity to reduced temperature are similar to those found for transport into late endosomes and lysosomes in wild type cells. It is difficult to determine to what degree the CHS and beige mutations selectively affect late endosomes vs. lysosomes.
Functional studies provide no clues, since conditions have not been found that block exchange of material between the two compartments, and since late endosomes are active in degradation of proteins (41) . By electron microscopy, the giant organelles resemble the complex membranous structure of late endosomes more than the dense, spherical structure of lysosomes . Marker proteins that are usually used to classify the late endosomes and lysosomes give a somewhat mixed picture. The giant organelles were negative for CI-MPR, as expected for mature lysosomes, but some of them were positive for rab 7, which is a marker protein for late endosomes. It is, of course, possible that the mutations cause selective mislocalization of either CI-MPR or rab 7 . In this context, it should also be noted that the presence of CI-MPR in certain late endosomal/lysosomal structures is somewhat variable. For example, phagolysosomes in macrophages sometimes contain CI-MPR (42) and sometimes lack both it and the cation-dependent MPR (43) . In cytolytic lymphocytes that contain late endosome-like lytic granules, these lytic granules sometimes contain (8) and sometimes lack (44) CI-MPR, and the distribution of CI-MPR changes with the differentiation of these lymphocytes (Griffiths, G ., S. Hester, J . Burkhardt, and Y Argon, manuscript in preparation) . Such cases preclude total reliance on the available markers and illustrate the need for further criteria to distinguish between late endosomes and lysosomes . The appearance of the giant organelles is superficially reminiscent of the selective "swelling" of this compartment 1853 Burkhardt et al .
in the presence of sucrose or other nondigestible carbohydrates (45) . Though the mechanism of giant organelle formation in CHS is not known and in fact is often attributed to excessive fusion (46, 47) , the selective effect of the mutation, like the selective effect of sucrose loading on late endocytic compartments, underscores biochemical differences that must exist between lysosomes and endosomes despite the many common features of these endorytic compartments.
A second main conclusion of this study is that despite their structural abnormality, the giant organelles are part of the normal endorytic pathway. Exogenous ligands which enter the cell either by fluid phase endocytosis (BSA), bulk membrane retrieval (cationized ferritin; data not shown), or receptor-mediated endocytosis (a2M) all reach the giant lysosomes/late endosomes of the mutant fibroblasts . The uptake into the giant vesicles is slow, however; more than 6 h are required for substantial accumulation in this compartment as compared to 3-4 h in wild type cells. Interestingly, neither the beige mutation nor the CHS lesion impairs the cells' protein catabolic activity. The a2M employed as ligand here is typical of proteins that are taken up and degraded efficiently in lysosomes (31) . In our hands, a2M degradation occurred only at 37°C, both in normal and in mutant fibroblasts, indicating that degradation required transport to a late endocytic compartment . In the CHS cells, the degradation of a2M was detectable only after more than 2 h of endocytosis, but in beige significant degradation was measured already after 60 min. The extent of a2M degradation we measured agrees well with the degradation of a-glucosidase by CHS cells as measured by Miller et al . (48) . It should be pointed out that since there is considerable heterogeneity of late endosomal/ lysosomal organelles in both CHS and beige cells, it is possible that most of the degradation occurs in unaffected organelles, either late endosomes or small normal lysosomes . However, our studies with the various tracers indicate that a significant proportion of endocytosed material is transported to the giant organelles . Therefore, it is more likely that they either function normally or equilibrate with a functional catabolic compartment .
The normal catabolic activity of late endocytic compartments in CHS and beige is consistent with the observation that these organelles maintain a constant volume. In this respect CHS differs from lysosomal storage diseases, where defects in degradation of proteins or lipids often result in a dramatic increase in the volume of lysosomes/late endosomes (49) . Instead, the phenotype of CHS and beige is more consistent with a defect in fusion or fission of late endocytic structures, which are now known to be highly dynamic, interconnected organelles (8, 33, 34) . Such a fusion defect is also suggested by microscopic and histochemical observations of polymorphonuclear lymphocytes (46) , Langerhans cells (50) , and EBV-transformed cells (47) . Therefore, proteins that affect fusion between specific membranes, such as small GTP-binding proteins, are candidates for the gene products affected by the CHS or beige mutations. Indeed, changes in the level of expression of rab proteins have been shown to affect the size and cellular localization of the endocytic vesicles they associate with, and overexpression of some rab proteins can generate large perinuclear organelles (51) . Thus, it is of interest that the distribution of rab 5, which associates specifically with early endosomes (35) , is the same in both the mutant and control cells. Rab 7, which associates with late endosomes (35) , is present on some of the giant organelles, but otherwise its distribution appears to be normal as well. So far, no rabs have been identified that bind to mature lysosomes. Given our qualitative results, it will be informative to test the expression of other rab proteins in beige and CHS.
A third conclusion from our results is that the murine beige and the human CHS defects cannot be distinguished on the basis of any of the criteria employed here. The distribution of marker proteins, the acidity of the giant lysosomes, their intracellular distribution, the uptake characteristics, and the degradation ofligands are all affected similarly by the mouse and human mutations. Our data therefore support the longheld view that homologous genes are affected in beige and CHS . Furthermore, our data suggest a number of assays that can be used in genetic complementation studies, towards identifying the CHS gene.
One of the perplexing aspects of CHS is that secretory granules are affected in some cell types such as granular leukocytes, while endocytic organelles are affected in other cells, like the fibroblasts studied here. That these two types of organelles are affected by the same mutations indicates that they have common components. Indeed, a number of similarities have been observed between lysosomes and secretory granules . Furthermore, there are a number of specialized cases where secretory functions and lysosomal functions are performed by the same organelles . During bone restructuring, osteoclasts form a tight intercellular space into which they secrete lysosomal enzymes (53) . In neutrophils, azurophilic granules fuse with the membrane of the phagosome in a manner that closely resembles an intracellular secretory process, and under certain triggering conditions these granules are capable of direct fusion with the plasma membrane (54) . Finally, cytotoxic lymphocytes and natural killer cells contain specialized granules with a cortical domain that resembles late endosomes or lysosomes, and an inner core of secretory proteins . These granules are discharged after binding to an appropriate target cell during cell-mediated cytotoxicity. In cytotoxic lymphocytes, and perhaps in other leukocytes as well, regulated secretory granules appear to be especially similar to lysosomes.
This may explain why the effects of CHS are so prominent in leukocytes: secretory granules in these cells may share with lysosomes a protein responsible for regulating their intracellular distribution or their fusion activity. If this view is correct, the affected protein must be much more important for secretory function than for endocytic traffic and degradative function, since the latter is relatively unperturbed by the CHS defect, while the former results in the major clinical manifestations of the disorder. 
